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heart of glass Regulates the Concentric Growth
of the Heart in Zebrafish
Introduction
A thick-walled heart is necessary to generate hemody-
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1Cardiovascular Research Center namic forces sufficient to support growth of vertebrates.
The first embryonic heart consists of only two layers,Massachusetts General Hospital and
Department of Medicine the endocardium and myocardium. Growth of the heart
reflects both hypertrophy of individual cells and the ad-Harvard Medical School
149 13th Street dition of myocardial cells to generate a thick, multicelled
ventricular wall [1–5]. Understanding of proper cardiacCharlestown, Massachusetts 02129
2 Department of Molecular growth control is also of relevance to dysmorphogenesis
associated with congenital cardiac disorders and toCell and Developmental Biology
University of California, Los Angeles heart failure in the adult.
Large-scale screens in zebrafish have been per-Life Sciences Building, Room 5109
621 Charles E. Young Drive South formed to identify mutations associated with early devel-
opment [6–11], and the identification of the genetic le-Los Angeles, California 90095
3 The Novartis Institutes for Biomedical Research sions has proven to be a productive approach to the
understanding of these events, including early cardiac400 Technology Square, 7th floor
Cambridge, Massachusetts 02139 organogenesis [12–26]. One element involved in the con-
trol of organotypic growth is the regulation of cell num-
bers. In zebrafish, there is evidence for control of this
process by the reptin/pontin genes [14] as well as by
Summary activity of calcium channels [15]. Here, we examine an-
other attribute of organotypic growth, the proper con-
Background: Patterned growth of vertebrate organs is centric patterning of the ventricular wall, and show it to
essential for normal physiological function, but the un- be the consequence of a novel endocardial signal.
derlying pathways that govern organotypic growth are heart of glass was identified from a large-scale zebra-
not clearly understood. Heart function is critically de- fish genetic screen [6] as an ENU-induced recessive
pendent upon the concentric thickening of the ventricu- embryonic lethal mutation with a massively enlarged
lar wall generated by the addition of cells to the myocar- heart [7, 8]. We defined the heg gene by positional clon-
dium along the axis from the endocardium (inside) to ing and show that it encodes a novel protein that has
the outside of the chamber. In heart of glass mutant no characterized orthologs, although it has homologs in
embryos, the number of cells in the myocardium is nor- human, mouse, and rat. The deduced protein sequence
mal, but they are not added in the concentric direction. contains two EGF-repeats, as well as a membrane-
As a consequence, the chambers are huge and dysfunc- spanning segment and a putative extracellular domain
tional, and the myocardium remains a single layer. that is predicted to be heavily glycosylated. We detected
Results: To begin to define the factors controlling the three alternative splice variants of heg and present evi-
concentric growth of cells in the myocardium, we used dence that it is the transmembrane form that is essential
positional cloning to identify the heart of glass (heg) for the thickening of the myocardium associated with
gene. heg encodes a protein of previously undescribed normal cardiac development. These results implicate
function, expressed in the endocardial layer of the heart. Heg as an endocardial-to-myocardial signal required to
By alternative splicing, three distinct isoforms are gener- drive one axis of growth of the myocardium.
ated, one of which is predicted to be transmembrane
and two other secreted. By selective morpholino pertur- Results and Discussion
bation, we demonstrate that the transmembrane form
is critical for the normal pattern of growth. Cell Number and Chamber Formation Is Normal
Conclusions: heart of glass encodes a previously un- in heart of glass Mutant Hearts
characterized endocardial signal that is vital for pat- We discovered heart of glass (heg) in our large-scale
terning concentric growth of the heart. Growth of the zebrafish genetic screen, as an ENU-induced recessive
heart requires addition of myocardial cells along the embryonic lethal mutation with a massively enlarged
endocardial-to-myocardial axis. This axis of patterning heart [6–8]. The mutant embryos are first distinguishable
is driven by heg, a novel transmembrane protein ex- from their wild-type siblings by 28–30 hours postfertiliza-
pressed in the endocardium. tion (hpf) by an absence of circulation. The enlarged
cardiac chambers associated with the heg phenotype
are obvious by 48 hpf, although the inflow tract and
*Correspondence: jmably@partners.org (J.D.M.), mark.fishman@ atrium are noticeably dilated by 36 hpf. Chamber-spe-
pharma.novartis.com (M.C.F.)
cific myocardial differentiation occurs as shown by mo-4 Present address: Jake Gittlen Cancer Research Institute, The Penn-
lecular markers for the atrium (S46 antibody) and ventri-sylvania State University College of Medicine, 500 University Drive,
MC H-059, Hershey, PA 17033. cle (ventricular myosin heavy chain [vMHC], Figures 1A
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Figure 1. The Ventricular Chamber of heg Mutant Embryos Is Larger and Only One Cell Thick
Double staining using an atrial-specific antibody and an in situ RNA probe to the ventricular myosin heavy chain were used to distinguish the atrial
and ventricular chambers in (A) wild-type and (B) heg/ embryos at 48 hpf. Hematoxylin and eosin stained sagittal sections through 72 hr
postfertilization (hpf) hearts from (C) wild-type and (D) heg/ embryos. The boxed regions in (C) and (D) are enlarged in (E) and (F) to better illustrate
the cellular morphology. The cells in the mutant hearts do not thicken and the myocardium remains a single cell layer. wt, wild-type; heg/,
homozygous mutant; v, ventricle; a, atrium; en, endocardial cell; my, myocardial cell. In (C) and (D) Bars, 50 m. In (E) and (F) Bars, 7.5 m.
and 1B) [27]. The cardiac cushions, the precursors to are absent in heg mutant hearts. There is also a decrease
in the cardiac jelly that normally forms between the twothe valves that normally form at the atrio-ventricular
junction and between the ventricle and the outflow tract, layers of the heart. The endocardium is present, but the
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Figure 2. Transmission Electron Microscopy of Wild-Type and heg Embryonic Hearts at 72 hpf
Myofibrils are evident in the hearts of both (A) wild-type and (B) heg mutant embryos, although neither are yet highly organized. The inserts
at the bottom left of (A) and (B) show a higher magnification of transverse myofibrils from the same hearts. wt, wild-type; heg/, homozygous
mutant; MF, myofibril. Bars, 500 nm.
myocardium is thin and remains a single layer of cells with each other in a single layer, thereby increasing
the circumference of the chamber instead of its wall(Figures 1C and 1D). Individual heg myocardial cells are
also thinner than wild-type (Figures 1E and 1F). The thickness.
atrium and ventricle both contract rhythmically, in nor-
mal atrio-ventricular sequence, but do not generate a The heg Mutation Disrupts a Primary
Patterning Signalcirculation. heg mutants do not exhibit obvious extracar-
diac defects, and the sarcomeric structure of individual In principle, the enlarged thin-walled heart could be a
consequence of intraluminal pressure, rather than a pri-cardiomyocytes does not appear to be severely affected
(Figure 2). mary growth abnormality. To examine this possibility,
we bred heg with silent heart (sih) [8, 24] heterozygotesAn increase in cell number could account for the in-
crease in heart size associated with this mutant. To to generate embryos mutant at both loci. Unlike wild-
type embryos (Figure 4A), the hearts of these embryosaddress this question, we used two methods to deter-
mine the number of cells in the ventricular and atrial (sih/; heg/) cannot generate any pressure since the
hearts do not contract. However, they have an enlargedchambers at 72 hpf. At stages prior to 72 hpf in wild-
type embryos, there remain patches of single cells heart as do heg mutants (Figures 4B and 4D). In addition,
other zebrafish cardiac mutants that lack circulation dothroughout the ventricle [28]. However, by 72 hpf, the
wild-type myocardium is consistently greater than a sin- not develop a heg-like dilated heart (Figure 4C) [14–16].
These data indicate that the mispatterning resulting fromgle cell layer in thickness. In the mutant embryos, the
total number of heart cells is indistinguishable from wild- the loss of heg expression is a primary defect of heart
growth rather than a consequence of increased walltype. We assayed this first by counting cells in serial
sections through the heart (Table 1). In general, it is tension.
feasible to distinguish myocardial from endocardial cells
in most sections. However, to make this distinction de- Characterization of the heg Gene
To define the molecular basis for the normal patterningfinitive, we specifically labeled cardiomyocytes using
transgenic zebrafish with a red fluorescent protein of the myocardium, we positionally cloned heg (Figure
5A). The complete heg gene consists of 14 exons (Fig-(DsRed2-nuc) expressed under the control of the car-
diac myosin light chain-2 (cmlc-2) promoter [14]. This ure5B). The deduced amino acid sequence of the larger
mRNA encodes a protein of 977 amino acids with aassay corroborated the observation that the number of
myocardial cells is indistinguishable between wild-type predicted glycosylated extracellular domain of 844 amino
acids containing two EGF repeats. The sequence C-ter-and heg mutant embryos (Figure 3 and Table 1). Hence,
the larger heart is not caused by an increase in cell minal to the EGF-repeats exhibits a hydrophobicity pro-
file consistent with a membrane-spanning domain ofnumbers. Rather, cells as they are added intercalate
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Table 1. The Number of Cells in heg Mutant Hearts Is Similar to Wild-Type at 72 hpf
Average Number of
n Cell Number Sections per Heart
Method 1 wild-type 7 675  57 17
heg mutant 12 635  98 45
Method 2 wild-type 7 346  17 n/a
heg mutant 6 344  18 n/a
The number of cells was determined using two methods. n  number of hearts counted.
Method 1, endocardial and myocardial cells were counted in 5 m serial sections through the hearts of several individual animals. No significant
difference in cell number was detected.
Method 2, myocardial cell counts were determined from flatmounts of progeny generated from heg/cmlc-2 RFP transgenic heterozygotes.
The number of myocardial cells was based on the number of RFP-expressing cells present in the hearts of individual animals.
26 amino acids, and the N terminus contains a strong codon (W→stop, Figure 5D). This results in a severe
truncation in the protein that would eliminate most ofconsensus for a signal peptide with cleavage site. heg
appears to be the homolog of the human gene KIAA1237, the coding region including the predicted EGF-repeats,
transmembrane domain, and cytoplasmic domain.with greatest sequence identity over the 133 amino acids
at the C terminus, including the putative transmembrane We isolated three alternative splice variants of heg by
RT-PCR. One smaller mRNA transcript (SE1, 4490 bp)and intracellular domains (Figure 5C). (KIAA1237 was
isolated from human fetal brain as part of the Kazusa lacks exon 11. This results in the creation of a stop
codon over exons 10 and 12. This predicted peptidecDNA Project [29].) The mutation in the m552 allele of
heg is a G to A transition within codon 103 of exon 2 lacks the membrane-spanning and C-terminal domains
associated with the larger mRNA and is predicted to(TGG→TAG) that predicts a tryptophan change to a stop
Figure 3. The cmlc-2 Promoter Efficiently Restricts RFP Expression to Myocardial Cells
Live images of 72 hpf embryos carrying the cmlc-2 RFP transgene from (A) wild-type and (B) heg mutant embryos illustrate the enlarged
cardiac chambers characteristic of the heg mutant. These embryos were flatmounted and images were acquired using a fluorescent microscope
to assess myocardial cell number in (C) wild-type and (D) heg embryos. No change in myocardial cell number at this stage of development
was detected based on the number of RFP-expressing cells present in the heart (see Table 1). There are more myocardial cells at 72 hpf than
at 24 hpf [41], revealing that myocardial cell proliferation has continued during this period in both wild-type and heg mutant embryos. Live
images are shown with anterior to the right to better illustrate the ventricular chamber in the wt embryo. wt, wild-type; heg/, homozygous
mutant; v, ventricle; a, atrium. Bars, 125 m.
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Figure 4. Patterning of the Heart in heg Mu-
tants Is the Primary Defect
MF20 antibody to sarcomeric myosin (Devel-
opmental Studies Hybridoma Bank, Univer-
sity of Iowa) was used to highlight the heart
of silent heart (sih)/heart of glass (heg) double
mutant embryos at 48 hpf. Compared to (A)
wild-type, (B) sih wt; heg/, and (D) sih/;
heg/ embryos have a dramatically enlarged
heart. The hearts of (C) sih/; heg wt embryos
are only slightly distended.
encode a soluble form of the protein. The other smaller cardium to myocardium. Because the membrane-asso-
ciated form appears to be the critical isoform for growth,transcript (SE2, 4452 bp) lacks both exons 10 and 11,
resulting in a loss of the transmembrane domain, but not we presume that Heg acts before generation of the thick
extracellular matrix between endocardium and myocar-the cytoplasmic domain (all diagrammed in Figure 6A).
dium, the time when the two cell types are closely juxta-
posed. Alternatively, the protein could be cleaved andTransmembrane Heg Is Required for Formation
of the Mature Myocardium diffuse to the myocardium or initiate a signaling pathway
to activate other soluble endocardial molecules.We wanted to examine whether a particular splice vari-
ant is essential for the growth of the heart, since both The phenotype of the heg mutant embryonic heart
most closely resembles that of the heart in cloche mu-soluble and transmembrane forms are predicted to be
perturbed by the mutation. We discovered that we could tant zebrafish, in which there is a complete absence
of endocardium (and other endothelium) [7, 34, 35]. Ineliminate isoforms of heg by use of specifically designed
morpholinos [16, 30, 31]. To do so, we targeted the cloche mutant embryos, the myocardium is enlarged
and thin, and there is a failure to form cushions (themorpholino to the splice donor site at the end of exon
11. As a consequence, the donor site at the end of exon precursors to valves). Valve formation reflects a complex
interaction between myocardium and endocardium,10 splices directly to the acceptor site at the start of
exon 12, thereby eliminating exon 11, which contains with signals emanating in both directions. The absence
of valves in heg mutant embryos may thus reflect athe transmembrane domain (Figure 6B). Figure 6C
shows two of three heg isoforms present in wild-type failure of maturation of the myocardium rather than loss
of a specific valve-inducing signal, as occurs in the jekyllhearts, one transmembrane (TM) and a secreted form
(SE2). The morpholino (MO) eliminates the transmem- mutant embryo [25].
The outward growth of the myocardium in a concen-brane form and causes a shift in expression of the solu-
ble isoforms, with an increase in SE1 and no change tric direction along the axis from the interior of the cham-
ber is essential to generate the higher blood pressuresin SE2. This morpholino phenocopies the mutation,
with 95% of embryos showing this phenotype (n  characteristic of vertebrate physiology. It is a feature
that appears to have arisen in evolution after the split1000, Figure 6D). This suggests that the TM form is
particularly critical to normal ventricular growth. Mock- of vertebrates from more primitive chordates [36]. As for
other organotypic cardiac-patterning decisions, such asinjected controls reveal no effect on the heg PCR prod-
ucts (Figure 6D). We also examined the effect of heg valve formation [37, 38] and trabeculation [39], it reflects
the interaction between the two primitive cardiac layers.overexpression on embryonic development. Injection of
all isoforms of heg mRNA resulted in gastrulation defects
resembling those associated with convergent extension Conclusions
It has been difficult to determine the molecular pathwaysmovements, including a low incidence of cyclopia (data
not shown) [32, 33]. These results prevented the rescue involved in organotypic growth. We have previously de-
scribed other growth mutations of the heart in whichof either homozygous genetic mutant or morpholino-
injected embryos. there are too few cells and a diminutive ventricle (island
beat) [15] or, alternatively, too many cells and a thick
ventricle (liebeskummer) [14]. This work describes theheg Expression in the Endocardium
Regulates Myocardial Growth molecular basis of global organotypic patterning, an-
other element of cardiac organ growth, and one withheg expression is primarily restricted to the heart (Figure
7A) and within the heart is limited to the endocardium controls distinct from those that regulate cell number.
This process of adjudicating direction of growth is, in(Figure 7B). Thus, Heg presumably signals from endo-
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Figure 5. The heg Locus Encodes a Novel Gene
(A) The mutation was fine mapped to the region between SSR markers z1273 and z9479 (marker z9479 not shown on this high-resolution
map). An EST in the interval (AA605782) was used to generate a closer genetic marker, which was subsequently used to initiate a walk to
create a physical map over the heg gene consisting of YACs and BACs. A single BAC, 110e08, was isolated using recombinant markers on
either side of the mutation and sequenced.
(B) The heg gene consists of 14 exons. The mutation in the m552 heg allele is within exon 2 and predicts a truncated protein.
(C) The zebrafish (dr) and human (hs) cDNAs were aligned using ClustalW [50]. Boxshade was used to illustrate identical residues as white
letters with black shading and similar residues as white letters with gray shading. No homologs have been reported for Drosophila or C.
elegans or are detectable by analysis of the whole genome sequence. The human gene is based on the largest annotated cDNA (partial cDNA
based on AceView data, NCBI), and the sequence of the zebrafish is the transmembrane form. The site of the heg mutation is indicated. The
green double line at the N terminus of the protein indicates a signal peptide with a cleavage site between amino acids 23 and 24. Red circles
Current Biology
2144
Figure 6. Morpholino Removal of the Transmembrane Heg Isoform Results in the Phenocopy of the heg Mutant
(A) The various splice products are diagrammed schematically. The predicted glycosylation of the N terminus is shown as extensive branching
off the main protein. The EGF repeats are indicated by the boxes and the transmembrane domain by the dashed line. The straight dark line
indicates the conserved intracellular domain. SE1 corresponds to the original splice variant isolated from a 24hr TuAb cDNA library but is not
the major transcript in wild-type embryos. This isoform lacks exon 11 and has a stop codon prior to the predicted transmembrane domain.
SE2 encodes a potential soluble transcripts lacking exons 10 and 11. The transmembrane domain is absent, but the C-terminal peptide is
present in this transcript. TM encodes the full-length transmembrane isoform of Heg, which is also the most abundant.
(B) The antisense morpholino was designed to block splicing at the intron 11 donor site.
(C) Agarose gel analysis of RT-PCR products from RNA derived from 24 hpf embryos demonstrate a change in splicing induced by injection
of the heg_e11i11 donor site morpholino.
(D) Injection of the morpholino at the one-cell stage reproduces the heg phenotype. To better delineate the heart, mock-injected heg mutant
and morpholino-injected embryos were stained with the myosin antibody MF20 at 48 hpf. C and mock, mock injected; /, homozygous
mutant; MO, morpholino injected.
was cloned upstream of the DsRed2-nuc (BD Biosciences) openaddition to the proliferation cells in the myocardium,
reading frame to create the cmlc2::DsRed2-nuc transgene [14].essential for the concentric growth of the ventricular
Standard methods were then used to achieve germline transmissionwall and is contingent on the expression of a novel of the transgene [40]. One transgenic line was isolated that displayed
endocardial signal encoded by heart of glass. expression of DsRed2 specifically in atrial and ventricular cardiomy-
ocyte nuclei beginning at approximately 48 hpf. The transgene was
Experimental Procedures transmitted according to Mendelian inheritance ratios, suggesting
a single site of integration. There was no visual evidence of toxicity
Histological Sectioning and Cell Counting observed in embryos heterozygous or homozygous for the trans-
Histology was performed on paraformaldehyde-fixed embryos em- gene. Transgenic cmlc2::DsRed2-nuc zebrafish were then bred with
bedded in plastic (JB-4, Polysciences, Inc.). Sectioning was per- heg heterozygotes. The progeny were raised and incrossed to iden-
formed using a Jung supercut 2065 at 5 m setting. tify heg heterozygotes expressing RFP. The embryos from these
To generate zebrafish expressing myocardial RFP, a 5.1 kb frag- clutches were scored for the heg phenotype. Wild-type siblings and
mutant embryos were raised at 28.5C until 72 hpf, at which timement of the zebrafish cardiac myosin light chain-2 (cmlc2) promoter
denote the conserved cysteine residues within the two EGF repeats. C-terminal to the EGF repeats is the conserved transmembrane domain,
indicated by the blue double line.
(D) Chromatogram of wild-type, heterozygous, and homozygous mutant heg embryos showing the base pair change determined in the m552
allele. y, YAC clone; b, BAC clone; /, homozygous wild-type; /, heterozygous wild-type; /, homozygous mutant.
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Figure 7. In Situ Analysis of heg mRNA Expression in the Endocardium of the Heart
The heg probe corresponds to a ClaI-SacI fragment from bp 1364 to 2730 of the hegTM cDNA. (A) Whole-mount in situs were done on wild-
type embryos at 48 hpf. An arrow indicates the location of the developing heart. No signal is detected with the sense probe (data not shown).
From the whole-mount staining in Figure 5A, there appears to be some expression around the eyes. (B) Frontal section through heg anti-
sense RNA and MF20 antibody stained embryos at 48 hpf reveals that expression of heg is restricted to the lumenal, endocardial layer of the
heart. To better delineate the myocardial layer, embryos were stained with the sarcomeric myosin antibody MF20 after the in situ. The
extracardiac expression visible in the whole-mount is very weak in the sections. Bar, 50 m.
the embryos were flatmounted and RFP-positive myocardial cells EGF repeats were predicted by comparison to the Pfam database at
http://pfam.wustl.edu/index.html. The transmembrane domain waswere counted [41]. The total number of cells estimated by counting
serial sections is higher since RFP expression in the transgenic predicted using TMPred http://www.ch.embnet.org/software/
TMPRED_form.html/ [48], and the signal peptide was predicted bycmlc-2 embryos is restricted to myocardial cells and reflects the
number of this cell type only. The cell counts from sections are with SignalP http://www.cbs.dtu.dk/services/SignalP/ [49]. The ze-
brafish and human cDNAs were aligned using ClustalW [50].also inflated by occasional miscounting of blood cells and double
counting of cells in adjacent sections, an inherent limitation of this
method. Morpholino Analysis
The antisense morpholino oligonucleotide designed over the intron
11 donor site (5-GTAATCGTACTTGCAGCAGGTGACA-3, GeneTools,Positional Cloning
LLC) was dissolved at a concentration of 500 M in 1	 Danieau’sEmbryos were separated into mutant and wild-type pools based on
buffer (5 mM Hepes [pH 7.6], 58 mM NaCl, 0.7 mM KCl, 0.6 mMphenotypic analysis. Genomic DNA was isolated from individual
Ca(NO3)2, and 0.4 mM MgSO4). 1 nL of this solution or 1	 Danieau’sembryos by incubation in DNA isolation buffer overnight at 50C
buffer was injected into each one- to four-cell embryo before(DNA isolation buffer: 10 mM Tris-HCl [pH 8.3], 50 mM KCl, 0.3%
allowing the embryos to develop at 28.5CTween-20, 0.3% Nonidet P40, and 0.5 mg/ml proteinase K). Protein-
ase K was inactivated prior to PCR setup by heating samples to
98C for 10 min. PCR reactions were performed using diluted geno- Whole-Mount In Situ and Antibody Staining
mic DNA as described [42]. Bulked segregant analysis [43] was used For whole-mount in situ hybridization and immunohistochemistry,
to establish linkage to SSR marker z3124 on linkage group 9. SSR embryos were fixed in 4% paraformaldehyde in phosphate-buffered
markers were used to establish the interval and BAC ends were saline, then stored in 100% methanol at20C. Digoxigenin-labeled
sequenced directly using SP6 and T7 primers to generate markers and fluorescein-labeled antisense RNA probes were generated by
for walking. BAC 110e08 was subcloned by shotgun cloning of par- in vitro transcription (Roche) and in situ hybridization was carried
tial AluI and Sau3AI digested fragments into pBluescript. In addition, out as previously described [51]. A DNA fragment corresponding to
a hydroshear was used to produce fragments of 2–3 kb in length, a SacI-SphI fragment from bp 1364 to 2730 of the hegTM cDNA,
which were also subcloned and sequenced. Sequence analysis was and vMHC were used to generate anti-sense RNA probes. Antibody
performed on an ABI3700 to generate approximately 5-fold cover- staining with the S46 (Dr. Frank Stockdale, Stanford University) and
age. The sequence was assembled using the Phred/Phrap/Consed MF20 (Developmental Studies Hybridoma Bank, University of Iowa)
programs [44–46]. antibodies was performed as previously described [27].
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